Introduction
Hydrocarbons sourced from non-edible or waste lignocellulosic or algal biomass are an attractive source of sustainable liquid transportation fuels to mitigate current dependence on fossil fuels and associated anthropogenic climate change [1, 2] . However, biomass-derived fuels are incompatible with existing distribution infrastructure and vehicle engines without (catalytic) upgrading to improve their physicochemical properties [2, 3] . A range of thermochemical technologies exist for bio-oil production, including hydrothermal liquefaction [4, 5] and pyrolysis [6, 7] , or gasification [8, 9] and subsequent Fischer-Tropsch synthesis [10, 11] . Pyrolysis routes have gained particular attention over the past 30 years, offering a high liquid (bio-oil) yield which can be used directly as a drop-in fuel, blended with conventional diesel, or as an efficient energy vector [12, 13] . Pyrolysis bio-oils are mixtures of oxygenated compounds which typically comprise phenolics, furanics, carboxylic acids and other small oxygenates whose composition varies with biomass source and processing [6, 14, 15] . The high oxygen content of crude bio-oils results in a heating value half that of petroleum-derived fuels, while the presence of carboxylic acids renders the oils corrosive (pH 2-3) [15] and chemically unstable due to corrosive (pH 2-3) [15] and chemically unstable due to presence of small reactive oxygenates (e.g., unsaturated aldehydes) which may undergo acid-catalysed polymerisation [2] . Crude bio-oils must therefore be upgraded to remove corrosive components and improve stability prior to subsequent hydrodeoxygenation to improve their calorific value.
A range of catalytic routes exist for upgrading pyrolysis bio-oils, including esterification [16] , hydrodeoxygenation (HDO) [17] , aldol condensation [18] and ketonisation [19] . Each route has advantages and disadvantages. For example, esterification operates at low temperature in the liquid phase but requires an external source of short-chain alcohols, and produces water by-product which must be separated [20] . HDO is effective for the production of cyclic and aliphatic alkanes as liquid fuels, but requires a renewable H2 input and precious metal catalysts that are stable in (often acidic) bio-oils and coke-resistant [21] . Aldol condensation stabilises bio-oils by converting some reactive oxygenates over solid base catalysts, but does not address the intrinsic acidity of bio-oils that can deactivate HDO catalysts [22] . Ketonisation affords an intermediate deoxygenation step that can be close-coupled to a pyrolysis reactor to upgrade vapours before then condense into a bio-oil, thereby improving bio-oil acidity, and achieving partial deoxygenation [19] , although it is also accompanied by a small loss of carbon as CO2. Ketonisation [22] [23] [24] , takes place through the condensation of two carboxylic (e.g., acetic) acid molecules to form a ketone (e.g., acetone), CO2 and H2O (Figure 1 ). An important advantage of ketonisation over esterification for acid neutralisation is that the former can be performed in the vapour phase without additional reactants, thus enabling close-coupling to a pyrolysis reactor to upgrade bio-oil vapours prior to their condensation as a bio-oil [24, 25] . Ketonisation also facilitates bio-oil deoxygenation and concomitant hydrocarbon chain growth [26] , and hence improves the calorific value of the resulting condensate (in addition to its pH and stability). Ketonisation is widely studied in organic synthesis [25, 27] , being catalysed by diverse heterogeneous catalysts including alkaline earth metal oxides such as BaO, MgO [28, 29] , transition metal oxides including MnO2 [24, 30, 31] , TiO2 [32, 33] , Fe3O4 [22, 24, 34] , CeO2 [35, 36] and ZrO2 [37, 38] and actinide oxides such as ThO2 [39] . The mechanism of ketonisation and corresponding sensitivity to catalyst properties remains the subject of ongoing debate [25, 40] . Ketonisation over basic and reducible oxide catalysts proceeds via two distinct pathways depending on the lattice energy of the metal oxide, with lower energy lattice (stronger bases) forming stable carboxylates that thermally decompose at elevated temperature (>420 °C) [41] to yield ketones, whereas higher energy lattices favour a lower temperature surface catalysed route [25] . However, there are fewer reports of carboxylic acid ketonisation over zeolites, being limited to HZSM-5, HZSM-11, HZSM-34, HZSM-35, mordenite, erionite and zeolite Beta. Of these, HZSM-5(100) is the most favourable for acetic acid ketonisation to acetone [42] , being very selective to xylenols and acetone at moderate reaction temperatures (320 °C) and forming acetone as the major product >350 °C [42] . Zeolite modification by transition metals and lanthanides such as Ce, Co, Ni and Ga increases aromatic product yields during catalytic pyrolysis [43] [44] [45] , however to our knowledge Ga-promoted zeolites have never been investigated for carboxylic acid ketonisation. Gallium can be introduced into zeolites by incipient wetness impregnation and ion exchange [46] , although the choice of preparation method had little impact on aromatic products from Ga/HZSM-5-catalysed fast pyrolysis [46] . HZSM-5 is an attractive catalyst for acetic acid ketonisation, owing to its corrosion resistance, high surface area, commercial availability and ability to stabilise undercoordinated cations and hence tune surface composition and resulting catalytic performance [25] . The presence of strongly acidic protons in zeolites reportedly promotes the formation of surface acyl species, rather than carboxylates, following acid adsorption. Subsequent coupling of a carboxylic acid and surface acyl yields an acid anhydride, which in turn dissociates to liberate CO2 and a ketone as illustrated in Ketonisation is widely studied in organic synthesis [25, 27] , being catalysed by diverse heterogeneous catalysts including alkaline earth metal oxides such as BaO, MgO [28, 29] , transition metal oxides including MnO 2 [24, 30, 31] , TiO 2 [32, 33] , Fe 3 O 4 [22, 24, 34] , CeO 2 [35, 36] and ZrO 2 [37, 38] and actinide oxides such as ThO 2 [39] . The mechanism of ketonisation and corresponding sensitivity to catalyst properties remains the subject of ongoing debate [25, 40] . Ketonisation over basic and reducible oxide catalysts proceeds via two distinct pathways depending on the lattice energy of the metal oxide, with lower energy lattice (stronger bases) forming stable carboxylates that thermally decompose at elevated temperature (>420 • C) [41] to yield ketones, whereas higher energy lattices favour a lower temperature surface catalysed route [25] . However, there are fewer reports of carboxylic acid ketonisation over zeolites, being limited to HZSM-5, HZSM-11, HZSM-34, HZSM-35, mordenite, erionite and zeolite Beta. Of these, HZSM-5(100) is the most favourable for acetic acid ketonisation to acetone [42] , being very selective to xylenols and acetone at moderate reaction temperatures (320 • C) and forming acetone as the major product >350 • C [42] . Zeolite modification by transition metals and lanthanides such as Ce, Co, Ni and Ga increases aromatic product yields during catalytic pyrolysis [43] [44] [45] , however to our knowledge Ga-promoted zeolites have never been investigated for carboxylic acid ketonisation. Gallium can be introduced into zeolites by incipient wetness impregnation and ion exchange [46] , although the choice of preparation method had little impact on aromatic products from Ga/HZSM-5-catalysed fast pyrolysis [46] . HZSM-5 is an attractive catalyst for acetic acid ketonisation, owing to its corrosion resistance, high surface area, commercial availability and ability to stabilise undercoordinated cations and hence tune surface composition and resulting catalytic performance [25] . The presence of strongly acidic protons in zeolites reportedly promotes the formation of surface acyl species, rather than carboxylates, following acid adsorption. Subsequent coupling of a carboxylic acid and surface acyl yields an acid anhydride, which in turn dissociates to liberate CO 2 and a ketone as illustrated in Figure 2 [25, 47] , Catalysts 2019, 9, 841 3 of 13 although Chang et al propose that ketonisation proceeds by nucleophilic attack of an acylium ion by adsorbed carboxylate [48] . The latter is similar to a ketene intermediate pathway, in with the acylium ion is directly formed by acid protonation and water loss [48] . The relationship between Lewis/Brønsted acid character and ketonisation activity/selectivity over zeolites remains poorly established.
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Catalyst Characterisation
Crystalline phases were characterised by powder X-ray diffraction (XRD). Figure S1 shows diffraction patterns for HZSM-5 as a function of Ga loadings to HZSM-5, and pure bulk Ga2O3. No reflections associated with gallium oxide phases were observed for any loadings, indicating either the presence of highly dispersed Ga2O3 nanoparticles throughout the HZSM-5 pore network, or the exchange of Ga 3+ with Al 3+ ions in the framework (or protons at the surface of the zeolite). It is well documented that protons play an important role in regulating the interaction of metal oxides with zeolite surfaces [49, 50] . Fang and co-workers report that impregnation favours the formation of Ga2O3 and small amounts of GaO + at surface of ZSM-5, thereby introducing weak Lewis acid sites [51] . In contrast ion-exchanged Ga/HZSM-5 prepared by refluxing the zeolite in aqueous Ga(NO3)3 at 70-100 °C [46, 52] appears to favour framework dealumination through Ga ion-exchange. Although the latter syntheses resemble our impregnating conditions we cannot conclude whether Ga resides as surface GaO + clusters or within the zeolite framework. The reference gallium oxide was phasepure monoclinic (m-Ga2O3) with reflections at 2θ = 19.0°, 30.4°, 30.5°, 31.8°, 33.5°, 35.2°, 37.4°, 38.5°, 42.8°, 45.9°, 48.7° and 57.5° [53, 54] . Crystallite sizes of the parent HZSM-5 ( Table 1) were independent of Ga loading, and significantly smaller than the zeolite. Nitrogen porosimetry revealed type IV isotherms for xGa/HZSM-5 ( Figure S2 ), with the observed mesoporosity attributed to interparticle voids [55] . Corresponding Brunauer-Emmett-Teller (BET) surface areas, total pore volumes and micropore volumes continuously decreased with increased Ga loading (Table 1) , attributed to partial Herein, we report the impact of Ga doping on the surface acidity of HZSM-5 and associated reactivity for the continuous vapour phase ketonisation of acetic acid to acetone. Activity and selectivity to acetone were proportional to Ga loading, reflecting the formation of weak Lewis acid sites and suppressed coking.
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Strong bands at 1444 cm −1 and 1545 cm −1 were assigned to pyridine bound to Lewis and Brønsted acid sites respectively, the intense band at 1490 cm −1 to pyridine bound to both acid sites and the weak 1600 cm −1 band to pyridine bound to Lewis acid sites [56] . The relative Lewis/Brønsted acid character was quantified from the ratio of 1444 cm −1 and 1545 cm −1 band intensities ( Figure S4b ). The Lewis:Brønsted ratio exhibited a small increase for 10Ga/HZSM-5, in accordance with literature reports [56, 64, 65] . Corresponding DRIFTS for pyridine on m-Ga 2 O 3 revealed two weak bands at 1452 cm −1 and 1614 cm −1 indicative of pure Lewis acid character as previously reported [66, 67] . Acid strength was subsequently probed by temperature-programmed reaction spectroscopy (TPRS) of propylamine. Reactively-formed propene (arising from propylamine decomposition over acid sites) was evolved in two desorptions at~480 • C and~540-555 • C associated with strong and weak acid sites respectively (Figure 4) ; the former possibly arising from high-index facets or defects [68, 69] . The desorption temperature of both peaks was independent of Ga loading, however the ratio of weak:strong acid sites decreased monotonically reaching~0.83 for 10Ga/HZSM-5. The decreased acid strength was consistent with ion-exchange of less electronegative Ga 3+ for Al 3+ into the zeolite surface, which is expected to decrease hydroxyl polarisation and hence Brønsted acid strength [70] . Acid site loadings and weak:strong acid site ratio respectively decreased and increased with Ga loading (Table 1 and Figure S5 ), however the total acid site density was approximately constant at~2.6 µmol·m −2 . The acid site density of m-Ga 2 O 3 was significantly higher at 18.4 µmol·m −2 , with a weak:strong acid site ratio of 0.40 akin to 0.5Ga/HZSM-5, however the absolute Ga loading was far lower than any of the xGa/HZSM-5 materials. The acid properties of xGa/HZSM-5 and m-Ga2O3 were first investigated by diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) following pyridine adsorption ( Figure S4a ). Strong bands at 1444 cm −1 and 1545 cm −1 were assigned to pyridine bound to Lewis and Brønsted acid sites respectively, the intense band at 1490 cm −1 to pyridine bound to both acid sites and the weak 1600 cm −1 band to pyridine bound to Lewis acid sites [56] . The relative Lewis/Brønsted acid character was quantified from the ratio of 1444 cm −1 and 1545 cm −1 band intensities ( Figure S4b ). The Lewis:Brønsted ratio exhibited a small increase for 10Ga/HZSM-5, in accordance with literature reports [56, 64, 65] . Corresponding DRIFTS for pyridine on m-Ga2O3 revealed two weak bands at 1452 cm −1 and 1614 cm −1 indicative of pure Lewis acid character as previously reported [66, 67] . Acid strength was subsequently probed by temperature-programmed reaction spectroscopy (TPRS) of propylamine. Reactively-formed propene (arising from propylamine decomposition over acid sites) was evolved in two desorptions at ~480 °C and ~540-555 °C associated with strong and weak acid sites respectively (Figure 4) ; the former possibly arising from high-index facets or defects [68, 69] . The desorption temperature of both peaks was independent of Ga loading, however the ratio of weak:strong acid sites decreased monotonically reaching ~0.83 for 10Ga/HZSM-5. The decreased acid strength was consistent with ion-exchange of less electronegative Ga 3+ for Al 3+ into the zeolite surface, which is expected to decrease hydroxyl polarisation and hence Brønsted acid strength [70] . Acid site loadings and weak:strong acid site ratio respectively decreased and increased with Ga loading (Table 1 and Figure S5 ), however the total acid site density was approximately constant at ~2.6 µmol.m −2 . The acid site density of m-Ga2O3 was significantly higher at 18.4 µmol.m −2 , with a weak:strong acid site ratio of 0.40 akin to 0.5Ga/HZSM-5, however the absolute Ga loading was far lower than any of the xGa/HZSM-5 materials. 
Catalytic Activity in Ketonisation
Vapour phase acetic acid ketonisation was subsequently studied over xGa/HZSM-5 in a fixedbed continuous flow reactor. Turnover frequencies (TOFs) were derived by normalising the steady state rate of acetic acid conversion to the acid site loadings from Table 1 . At 350 °C, TOFs were almost independent of Ga loading, exhibiting only a small increase for 10Ga/HZSM-5. Increasing the reaction temperature to 400 °C increased TOFs for all catalysts as previously reported [19, 71] , with a monotonic rise with Ga loading now apparent ( Figure 5 ). Catalytic reactivity mirrored the weak:strong acid site ratio for both reaction temperatures, indicating that ketonisation preferentially occurs over weak acid sites within xGa/HZSM-5. Limited deactivation (<15%) was observed for 5 h 
Vapour phase acetic acid ketonisation was subsequently studied over xGa/HZSM-5 in a fixed-bed continuous flow reactor. Turnover frequencies (TOFs) were derived by normalising the steady state rate of acetic acid conversion to the acid site loadings from Table 1 . At 350 • C, TOFs were almost independent of Ga loading, exhibiting only a small increase for 10Ga/HZSM-5. Increasing the reaction temperature to 400 • C increased TOFs for all catalysts as previously reported [19, 71] , with a monotonic rise with Ga loading now apparent ( Figure 5 ). Catalytic reactivity mirrored the weak:strong acid site ratio for both reaction temperatures, indicating that ketonisation preferentially occurs over weak acid sites within xGa/HZSM-5. Limited deactivation (<15%) was observed for 5 h on-stream for all xGa/HZSM-5 catalysts ( Figure S6 ), attributed to pore/site-blocking by coke or strongly bound bidentate carboxylate species [72] , or structural changes, whereas the Ga 2 O 3 reference exhibited minimal deactivation. Powder XRD revealed negligible change zeolite structure following the reaction ( Figure S7 ), however elemental analysis confirmed the presence of surface carbon post-reaction for all xGa/HZSM-5 catalysts (falling from 12 wt% for the parent HZSM-5 and xGa/HZSM-5 samples to only 1 wt% for Ga 2 O 3 , Table S2 ).
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Materials and Methods
Catalyst Synthesis
A commercial HZSM-5 (SiO2:Al2O3 = 30, Zeolyst International, CBV 3024E) was first calcined in air at 550 °C for 4 h to remove any surface residues. Then 3 g of calcined HZSM-5 was subsequently wet-impregnated with appropriate concentrations of a 20 mL aqueous solution of Ga(NO3)3.xH2O (crystalline, 99.9% trace metals basis, Sigma-Aldrich, UK) to prepare Ga gallium zeolites with nominal loadings of 0.5 wt% (0.005 M), 3 wt% (0.03 M) and 10 wt% (0.1 M). In each case the resulting slurry was stirred for 6 h at ambient temperature, dried overnight at 90 °C, and finally calcined at 500 °C under static for 4 h. The resulting catalysts were designated xGa/HZSM-5 where x is the nominal Ga loading. Bulk Ga2O3 (≥99.99% trace metals basis, Sigma-Aldrich, UK) was also calcined at 500 °C for 4 h as a reference material.
Catalyst Characterisation
The bulk Ga loading was determined by elemental analysis using a Thermofisher iCAP 7000 ICP-OES (Thermofisher, UK). Identification of crystalline phases was performed using a Bruker D8 Advance powder X-ray diffractometer (Bruker, UK) with Cu Kα radiation for angles between 2θ = 10-80° with a step size of 0.04°. Volume averaged particle sizes were estimated from the Scherrer equation using the peak width of characteristic HZSM-5 and Ga2O3 reflections at 2θ = 14.8° and 35.2° respectively. Surface areas, pore size distributions and mesopore volumes were determined by N2 porosimetry using a Quantasorb Nova 4000 e porosimeter and Novawin 11.03 software (Quantachrome, UK). Samples were outgassed in vacuo at 300 °C for 18 h according to Quantachrome recommendations for microporous zeolites prior to analysis, with specific surface areas calculated by applying the Brunauer-Emmet-Teller (BET) model over the range P/P0 = 0.02-0.07 of the adsorption isotherm. Micropore volumes were determined using the t-plot method developed by Lippens and de Boer over the range P/P0 = 0.2-0.5. X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos Axis HSi photoelectron spectrometer (Kratos Analytical, UK) equipped with a charge neutraliser and a monochromated Al Kα X-ray source (hν = 1486.7 eV). Spectra were recorded using an analyser pass energy of 20 eV and X-ray power of 225 W at a normal emission. 
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Acid site loadings and strength were determined by n-propylamine (Sigma Aldrich, UK, ≥99%) temperature-programmed reaction spectroscopy (TPRS) using a Mettler Toledo TGA/DSC 2 STARe system (Mettler Toledo, UK) connected to a Pfeiffer Vacuum ThermoStar GSD 301 T3 (Pfeiffer, UK) benchtop mass spectrometer (MS). Propylamine adsorption was performed by adding liquid n-propylamine to pre-weighed samples (1 mL per 20 mg) and placing in an alumina crucible. Excess physisorbed propylamine was removed by drying in vacuo at 30 • C for 1 h prior to analysis. Samples were heated in the thermogravimetric analyser (TGA) from 40 • C to 800 • C at a ramp rate of 10 • C.min −1 under flowing N 2 (40 mL·min −1 ), with evolved gases analysed by MS to monitor reactively formed propene. Lewis/Brønsted character was determined by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of samples following pyridine adsorption over diluted samples (10 wt% in KBr). Excess physisorbed pyridine was removed in vacuo at 30 • C overnight prior to room temperature measurement using a Nicolet Avatar 370 MCT (Thermofisher, UK) with Smart Collector accessory and liquid nitrogen cooled mercury cadmium telluride (MCT-A) detector. DRIFTS spectra were background-subtracted, and the ratio of the transmitted intensities of the 1450 cm −1 and 1540 cm −1 peaks used to quantify the ratio between Lewis and Brønsted acid sites.
Catalytic Ketonisation
Acetic acid ketonisation was performed in a bespoke continuous flow packed-bed reactor with online gas chromatography (GC) analysis. The reactor comprised a 1 cm o.d., quartz tube, within which the catalyst bed was placed centrally and retained by quartz wool plugs. A constant catalyst bed volume of 4 cm 3 was used in all experiments, comprised of 200 mg of catalyst diluted with fused silica granules. The reactor tube was positioned in a temperature-programmable furnace with a thermocouple placed in contact with the catalyst bed. Acetic acid (Sigma-Aldrich, UK, ACS reagent ≥ 99.7%) was fed in a down-flow fashion into the reactor using an Agilent 1260 Infinity Isocratic Pump (Agilent, UK) and N 2 as the carrier gas (50 mL·min −1 ). All reactor lines were heated to 130 • C to prevent condensation, and a 1 cm diameter metal tube packed with fused silica granules was used to ensure acetic acid vaporisation before the reactor. Products were analysed online by a Varian 3800 GC (Varian, UK) with heated gas-sampling valve, equipped with a BR-Q PLOT column (30 m × 0.53 mm i.d.,). Acetone and acetic acid were detected using a flame ionisation detector (FID). The GC was calibrated for acetic acid and acetone by triplicate injections of 50 µl standard solutions through a split/splitless injector. Acetic acid conversion and selectivity were calculated according to Equations (1) and (2) . Conversion = n AcOH 0 − n AcOH n AcOH 0 × 100 (1) Selectivity = 2 × n Acetone n AcOH 0 − n AcOH × 100
where n AcOH 0 is the initial moles of acetic acid,n AcOH is the final moles acetic acid and n Acetone represents the moles of produced as acetone. Acetone was the primary product over all catalysts. No acetic acid conversion was observed in the absence of a catalyst.
Conclusions
A family of Ga-doped HZSM-5 materials were synthesis by wet impregnation as solid acid catalysts for the vapour phase ketonisation of acetic acid, a potential route to upgrading pyrolysis bio-oil vapours. XRD indicates that Ga is either incorporated into the parent zeolite framework or highly dispersed across the zeolite surface as GaO + clusters for loadings spanning 0.3-10 wt% Ga doping has little impact on the zeolite textural properties but increased the Lewis acid character concomitant with a decrease in acid strength relative to HZSM-5. Turnover frequencies for acetic acid ketonisation, and acetone selectivity at iso-conversion, were both proportional to the weak:strong acid site ratio, evidencing that ketonisation over xGa/HZSM-5 preferentially occurs over weak (Lewis) acid sites. The most active catalyst was 10 wt% Ga/HZSM-5, which was stable for 5 h on-stream despite significant carbon laydown, with an acetone selectivity of 30%. Acetic acid ketonisation is an attractive route to upgrading biomass pyrolysis vapours through close-coupling with Ga/HZSM-5 catalysts derived from earth abundant elements.
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